REMARKS 
Amendments 

Claims 1-62 and 71 have been canceled, claims 63-68 and 70 have been amended, and 
claims 72-76 have been added. Upon entry of the amendment, claims 63-70 and 72-76 will be 
pending. Support for the added claims can be found in the specification, for example, page 9, 
lines 30-33; on page 27, lines 18-29; Example 4; the Figures; and in the claims as originally 
filed. 

The foregoing amendments are made solely to expedite prosecution of the application 
and are not intended to limit the scope of the invention. Further, the amendments to the claims 
are made without prejudice to the pending or now canceled claims or to any subject matter 
pursued in a related application. The Applicant reserves the right to prosecute any canceled 
subject matter at a later time or in a later filed divisional, continuation, or continuation-in-part 
application. 

Rejections 

Rejections under 35 U.S.C. §101 

The Examiner has rejected claims 63-70 because the claimed invention is allegedly not 
supported by either a specific or substantial asserted utility or a well-established utility. 

Applicant respectfully traverses the rejection. Amended claim 63 is drawn to a 
transgenic mouse whose genome comprises a null endogenous lymphoid specific GPCR allele; 
wherein said null allele comprises exogenous DNA, said exogenous DNA comprising a gene 
encoding a visible marker. According to 35 U.S.C. § 101, "[wjhoever invents . . . any new and 
useful . . . composition of matter may obtain a patent therefore. ..." 

Under the Patent Office's Utility Requirement Guidelines: 

If at any time during the examination, it becomes readily apparent that the 
claimed invention has a well-established utility, do not impose a rejection based 
on lack of utility. An invention has a well-established utility if (i) a person of 
ordinary skill in the art would immediately appreciate why the invention is useful 
based on the characteristics of the invention (e.g., properties or applications of a 
product or process), and (ii) the utility is specific, substantial and credible . 
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If the applicant has asserted that the claimed invention is useful for any particular 
practical purpose (i.e., it has a "specific and substantial utility") and the assertion 
would be considered credible by a person of ordinary skill in the art , do not 
impose a rejection based on lack of utility . 

(emphasis added)(MPEP § 2107, II (A)(3); II (B)(1)). 
The standard for " credible " is defined as: 

. . . whether the assertion of utility is believable to a person of ordinary skill in the art 
based on the totality of evidence and reasoning provided. An assertion is credible unless 
(A) the logic underlying the assertion is seriously flawed, or (B) the facts upon which the 
assertion is based are inconsistent with the logic underlying the assertion. 

(MPEP 2107.02, III(B)(emphasis added). 

According to the Patent Office's own guidance to Examiners: 

Rejections under 35 U.S.C. 101 have been rarely sustained by federal courts . 

Generally speaking, in these rare cases , the 35 U.S.C. 101 rejection was sustained either 
because the applicant failed to disclose any utility for the invention or asserted a utility 
that could only be true if it violated a scientific principle, such as the second law of 
thermodynamics, or a law of nature , or was wholly inconsistent with contemporary 
knowledge in the art. In re Gazave, 379 F.2d 973, 978, 154 USPQ 92, 96 (CCPA 1967). 
Special care therefore should be taken when assessing the credibility of an asserted 
therapeutic utility for a claimed invention. In such cases, a previous lack of success in 
treating a disease or condition, of the absence of a proven animal model for testing the 
effectivenss of drugs for treating a disorder in humans, should not, standing alone, serve 
as a basis for challenging the asserted utility under 35 U.S.C. 101. 

(MPEP 2107.02, III(B)(emphasis in original and added). The Guidelines additionally 
provide that: 

There is no predetermined amount or character of evidence that must be provided by an 
applicant to support an asserted utility, therapeutic or otherwise. Rather, the character 
and amount of evidence needed to support an asserted utility will vary depending on what 
is claimed (citations omitted), and whether the asserted utility appears to contravene 
established scientific principles and beliefs , (citations omitted). Furthermore, the 
applicant does not have to provide evidence sufficient to establish that an asserted utility 
is true "beyond a reasonable doubt." (citations omitted). Nor must an applicant provide 
evidence such that it establishes an asserted utility as a matter of statistical certainty . 
Nelson v. Bowler, 626 F.2d 853, 856-57, 206 USPQ 881, 883-84 (CCPA 1980)(reversmg 
the Board and rejecting Bowler's arguments that the evidence of utility was statistically 
insignificant . The court pointed out that a rigorous correlation is not necessary when the 
test is reasonably predictive of the response). 
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(MPEP 2107.02, VII)(emphasis added). 

Thus, according to Patent Office guidelines, a rejection for lack of utility may not be 
imposed where an invention has a well-established utility or is useful for any particular practical 
purpose. The present invention satisfies either standard. 

The present invention has a well-established utility since a person of ordinary skill in the 
art "would immediately appreciate why" knockout mice are useful. As a general principle, any 
knockout mouse has the inherent and well-established utility of defining the function and role of 
the disrupted target gene, regardless of whether the inventor has described any specific 
phenotypes, characterizations or properties of the knockout mouse. The sequencing of the 
human genome has produced countless genes whose function has yet to be determined. 

According to the National Institute of Health, knockout mice represent a critical tool in 

studying gene function: 

Over the past century, the mouse has developed into the premier mammalian 
model system for genetic research . Scientists from a wide range of biomedical 
fields have gravitated to the mouse because of its close genetic and physiological 
similarities to humans, as well as the ease with which its genome can be 
manipulated and analyzed. 

In recent decades, researchers have utilized an array of innovative genetic 
technologies to produce custom-made mouse models for a wide array of specific 
diseases, as well as to study the function of targeted genes . One of the most 
important advances has been the ability to create transgenic mice, in which a new 
gene is inserted into the animal's germline. Even more powerful approaches, 
dependent on homologous recombination, have permitted the development of 
tools to "knock out" genes, which involves replacing existing genes with altered 
versions ; or to "knock in" genes, which involves altering a mouse gene in its 
natural location. To preserve these extremely valuable strains of mice and to 
assist in the propagation of strains with poor reproduction, researchers have taken 
advantage of state-of-the-art reproductive technologies, including 
cryopreservation of embryos, in vitro fertilization and ovary transplantation. 

( f http://www.genome.gov/pfv.cfhi?pageid=10005834 )(emphasis added)(copy attached). 
Thus, the knockout mouse has been accepted by the NIH as the premier model for determining 
gene function, a utility that is specific, substantial and credible. 

Knockout mice are so well accepted as tools for determining gene function that the 
director of the NIH Chemical Genomics Center of the National Human Genome Research 
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Institute (among others, including Capecchi, Bradley, Joyner, Nagy and Skarnes) has proposed 

creating knockout mice for all mouse genes: 

Now that the human and mouse genome sequences are known, attention has turned 
to elucidating gene function and identifying gene products that might have therapeutic 
value. The laboratory mouse (Mus musculus) has had a prominent role in the study of 
human disease mechanisms throughout the rich, 100-year history of classical mouse 
genetics , exemplified by the lessons learned from naturally occurring mutants such as 
agouti, reeler and obese. The large-scale production and analysis of induced genetic 
mutations in worms, flies, zebrafish and mice have greatly accelerated the understanding 
of gene function in these organisms. Among the model organisms, the mouse offers 
particular advantages for the study of human biology and disease: (0 the mouse is a 
mammal and its development, body plan, physiology, behavior and diseases have much 
in common with those of humans; (ii) almost all (99%) mouse genes have homologs in 
humans; and (hi) the mouse genome supports targeted mutagenesis in specific genes by 
homologous recombination in embryonic stem (ES) cells, allowing genes to be altered 
efficiently and precisely . 

A coordinated project to systematically knock out all mouse genes is likely to be of 
enormous benefit to the research community , given the demonstrated power of knockout 
mice to elucidate gene function , the frequency of unpredicted phenotypes in knockout 
mice, the potential economies of scale in an organized and carefully planned project, and 
the high cost and lack of availability of knockout mice being made in current efforts. 

(Austin et al., Nature Genetics (2004) 36(9):921-24, 921)(emphasis added)(copy 
attached). 

With respect to amended claims drawn to transgenic mice having a null allele, the 
following comments from Austin are relevant: 
Null-reporter alleles should be created 

The project should generate alleles that are as uniform as possible, to allow efficient 
production and comparison of mouse phenotypes. The alleles should achieve a balance 
of utility, flexibility, throughput and cost. A null allele is an indispensable starting point 
for studying the function of every gene . Inserting a reporter gene (e.g., P-galactosidase 
or green fluorescent protein) allows a rapid assessment of which cell types normally 
support the expression of that gene. 

(p. 922)(emphasis added). 

According to the Molecular Biology of the Cell (Albert, 4 th ed., Garland Science (2002)), 

one of the leading textbooks in the field of molecular biology: 

Extensive collaborative efforts are underway to generate comprehensive libraries of 
mutation in several model organisms including ... the mouse. The ultimate goal in each 
case is to produce a collection of mutant strains in which every gene in the organism has 
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either been systematically deleted, or altered such that it can be conditionally disrupted. 
Collections of this type will provide an invaluable tool for investigating gene function on 
a genomic scale. 

(p. 543)(emphasis added). 

According to Genes VII (Lewin, Oxford University Press (2000)), another well respected 

textbook in the field of genetics: 

The converse of the introduction of new genes is the ability to disrupt specific 
endogenous genes. Additional DNA can be introduced within a gene to prevent its 
expression and to generate a null allele. Breeding from an animal with a null allele can 
generate a homozygous "knockout", which has no active copy of the gene. This is a 
powerful method to investigate directly the importance and function of the gene . 

(p. 508)(emphasis added). 

According to Joyner (Gene Targeting: A Practical Approach, Oxford University Press 

2000): 

Gene targeting in ES cells offers a powerful approach to study gene function in a 
mammalian organism . 

(preface)(emphasis added). 

According to Matise et al. (Production of Targeted Embryonic Stem Cell Clones in 

Joyner, Gene Targeting: A Practical Approach, Oxford University Press 2000): 

The discovery that cloned DNA introduced into tissue culture cells can undergo 
homologous recombination at specific chromosomal loci has revolutionized our ability to 
study gene function in cell culture and in vivo . . . . Thus, applying gene targeting 
technology to ES cells in culture affords researchers the opportunity to modify 
endogenous genes and study their function in vivo . 

(p. 101)(emphasis added). 

According to Crawley (What's Wrong With My Mouse Behavioral Phenotyping of 

Transgenic and Knockout Mice, Wiley-Liss 2000): 

Targeted gene mutation in mice represents a new technology that is revolutionizing 
biomedical research . 

Transgenic and knockout mutations provide an important means for understanding gene 
function , as well as for developing therapies for genetic diseases. 

(p. 1, rear cover)(emphasis added). 
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Research tools such as knockout mice are clearly patentable, as noted by the Patent 

Office: 

Some confusion can result when one attempts to label certain types of inventions 
as not being capable of having a specific and substantial utility based on the 
setting in which the invention is to be used . One example is inventions to be used 
in a research or laboratory setting. Many research tools such as gas 
chromatographs, screening assays, and nucleotide sequencing techniques have a 
clear, specific and unquestionable utility (e.g., they are useful in analyzing 
compounds) . An assessment that focuses on whether an invention is useful only 
in a research setting thus does not address whether the invention is in fact "useful" 
in a patent sense. Instead, Office personnel must distinguish between inventions 
that have a specifically identified substantial utility and inventions whose asserted 
utility requires further research to identify or reasonably confirm. Labels such as 
"research tool," "intermediate" or "for research purposes" are not helpful in 
determining if an applicant has identified a specific and substantial utility for the 
invention. 

(MPEP § 2107.01, 1). As with gas chromatographs, screening assays and nucleotide 
sequencing techniques, knockout mice have a clear, specific and unquestionable utility (e.g., they 
are useful in analyzing gene function). 

In addition, commercial use and acceptance is an important indication that the utility of 
an invention has been recognized by one of skill in the art ("A patent system must be related to 
the world of commerce rather than to the realm of philosophy." Brenner v Manson, 383 U.S. 
519, 148 U.S.P.Q. 689, 696 (1966)). Commercial use of the knockout mice produced by 
Assignee Deltagen has been clearly established. At least two large pharmaceutical companies 
have ordered the presently claimed transgenic mouse. This acceptance more than satisfies the 
practical utility requirement of section 101 as it cannot be reasonably argued that a claimed 
invention which is actually being used by those skilled in the art has no "real world" use. 
(see, for example, Phillips Petroleum Co. v. U.S. Steel Corp., 673 F. Supp. 1278, 6 U.S.P.Q.2d 
1065, 1 104 (D. Del. 1987), aff'd, 865 F.2d 1247, 9 U.S.P.Q.2d 1461 (Fed. Cir. 1980)("lack of 
practical utility cannot co-exist with infringement and commercial success); (Lipscomb's Walker 
on Patents, §5:17, p. 562 (1984)("Utility may be evidenced by sales and commercial demand.") 

Finally, Applicant notes that in the January 13, 2004 Office Action, the Examiner 
rejected the claimed invention as obvious under section 103. The Examiner argued that one 
would have been motivated to make the presently claimed mouse to determine the function of 
the gene ("It is well known to one of ordinary skill of art that a transgenic mouse with specific 
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gene knockout can be used to study gene function"(pp. 3-4)). Thus, while the Examiner argued 
that one skilled in the art would have been motivated to make the Applicant's claimed mouse, 
the Examiner now argues that one skilled in the art would not know how to use such a mouse 
once created. Applicant submits that the Patent Office cannot reasonably maintain such 
contradictory positions. 

Applicant submits that since one of ordinary skill in the art would immediately recognize 
the utility of a knockout mouse in studying gene function, a utility that is specific, substantial and 
credible, the invention has a well-established utility, thus satisfying the utility requirement of 
section 101 . On this basis alone, withdrawal of the rejection with respect to the present invention 
is warranted, and respectfully requested. 

In addition, the claimed invention is useful for a particular purpose. The Applicant has 
demonstrated and disclosed specific phenotypes of the presently claimed mice, e.g., various 
immunological phenotypes. Utility of the claimed knockout mouse would be apparent to, and 
considered credible by, one of skill in the art, as the role of knockout mice in studying the 
anxiety is both specific and substantial. 

The Examiner argues that the phenotypes do not correlate with human disease. The 
Examiner's arguments are similar to arguments made by the Patent Office with respect to 
pharmaceutical compounds the utility of which were based on murine model data, arguments 
which were dismissed by the Federal Circuit in In re Brana (34 U.S.P.Q.2d 1436)(Fed. Cir. 
1995). The case involved compounds that were disclosed to be effective as anti-tumor agents 
and had demonstrated activity against murine lymphocytic leukemias implanted in mice. The 
court ruled that the PTO had improperly rejected, for lack of utility, claims for pharmaceutical 
compounds used in cancer treatment in humans, since neither the nature of invention nor 
evidence proferred by the PTO would cause one of ordinary skill in art to reasonably doubt the 
asserted utility. 

The first basis for the Board's holding of lack of utility (the Board adopted the 
examiner's reasoning without any additional independent analysis) was that the specification 
failed to describe any specific disease against which the claimed compounds were useful, and 
therefore, absent undue experimentation, one of ordinary skill in the art was precluded from 
using the invention. {In re Brana at 1439-40). The Federal Circuit reasoned that the leukemia 
cell lines were originally derived from lymphocytic leukemias in mice and therefore represented 
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actual specific lymphocytic tumors. The court concluded that the mouse tumor models 
represented a specific disease against which the claimed compounds were alleged to be effective. 
(In reBrana at 1440). 

The Board's second basis was that even if the specification did allege a specific use, the 
applicants failed to prove that the claimed compounds were useful. 

The Federal Circuit responded: "[A] specification disclosure which contains a teaching of 
the manner and process of making and using the invention in terms which correspond in scope to 
those used in describing and defining the subject matter sought to be patented must be taken as in 
compliance with the enabling requirement of the first paragraph of Section 1 12 unless there is 
reason to doubt the objective truth of the statements contained therein which must be relied on 
for enabling support." {Brana at 1441, citing In reMarzocchi, 439 F.2d 220, 223, 169 USPQ 
367, 369 (CCPA 1971)). From this it followed that the PTO has the initial burden of 
challenging a presumptively correct assertion of utility in the disclosure. Only after the PTO 
provides evidence showing that one of ordinary skill in the art would reasonably doubt the 
asserted utility does the burden shift to the applicant to provide rebuttal evidence sufficient to 
convince such a person of the invention's asserted utility. (Id.) 

The court held that the Patent Office had not met its burden. The references cited by the 
Board did not question the usefulness of any compound as an antitumor agent or provide any 
other evidence to cause one of skill in the art to question the asserted utility of applicants' 
compounds. Rather, the references merely discussed the therapeutic predictive value of in vivo 
murine tests — relevant only if the applicants were required to prove the ultimate value in 
humans of their asserted utility . The court did not find that the nature of the invention alone 
would cause one of skill in the art to reasonably doubt the asserted usefulness. The purpose of 
treating cancer with chemical compounds did not suggest an inherently unbelievable undertaking 
or involve implausible scientific principles . (Id.) 

The Court concluded that one skilled in the art would be without basis to reasonably 
doubt the asserted utility on its face. The PTO had not satisfied its initial burden. Accordingly, 
the applicants should not have been required to substantiate their presumptively correct 
disclosure to avoid a rejection under the first paragraph of Section 1 12. (Id.) 

As in Brana, Applicant has asserted that the claimed invention is useful for a particular 
practical purpose, an assertion that would be considered credible by a person of ordinary skill in 



12 



the art. As discussed above, the claimed mice have demonstrated specific phenotypes. The 
acceptance among those of skill in the art of knockout mice demonstrating such properties is 
clearly demonstrated. 

Definitive proof that the phenotypes observed in the null mouse would be the same as 
those observed in humans is not a prerequisite to satisfying the utility requirement. It is enough 
that the claimed mouse demonstrates phenotypes, relative to a wild type control mouse, and that 
knockout mice are recognized in the art as models for determining gene function. As noted by 
Austin et al.: 

Among the model organisms, the mouse offers particular advantages for the study of 
human biology and disease: (i) the mouse is a mammal and its development, body plan, 
physiology, behavior and diseases have much in common with those of humans ; (ii) 
almost all (99%) mouse genes have homologs in humans ; and (iii) the mouse genome 
supports targeted mutagenesis in specific genes by homologous recombination in 
embryonic stem (ES) cells, allowing genes to be altered efficiently and precisely. 

(p. 921)(emphasis added). 

In addition, as pointed out by Doetschman, one clearly skilled in the art, {Laboratory 

Animal Science 49:137-143, 137 (1999)(copy attached), the phenotypes observed in mice do 

correlate to gene function: 

The conclusions will be that the knockout phenotypes do, in fact, provide accurate 
information concerning gene function , that we should let the unexpected phenotypes lead 
us to the specific cell, tissue, organ culture, and whole animal experiments that are 
relevant to the function of the genes in question, and that the absence of phenotype 
indicates that we have not discovered where or how to look for a phenotype. 

(emphasis added). 

In Brana, the claimed compound had demonstrated activity against a murine tumor 
implanted in a mouse. Yet, the Federal Circuit found that utility had been demonstrated. Here, 
the invention relates to a disruption in a murine gene in a mouse. Like the tumor mouse model, 
the knockout mouse with a specific gene disrupted is a widely accepted model, the utility of 
which would be readily accepted in the art. It is submitted that one skilled in the art would be 
without basis to be reasonably doubt Applicant's asserted utility, and therefore the Examiner has 
not satisfied the initial burden. 

The Examiner argues that a method of identifying agents is not credible because the 
specification does not identify how to use such agents. 
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Applicant disagrees. A null GPCR gene results in lymphocytic infiltration. Clearly, the 
gene is involved in controlling the immune response. One skilled in the art would recognize the 
value of a GPCR agonist. A method of identifying agents is set forth in new claim 76. 

The Examiner argues that use as a model for disease is not credible because the 
specification does not disclose what types of disease are represented. 

Applicant disagrees. One skilled in the art would clearly recognize that lymphocytic 
infiltration is associated with an immune disorder. 

In addition, the claimed transgenic mice are useful for studying gene expression. The 
mice within the scope of claim 63 contain a visible marker such as lacZ. Their use in studying 
gene expression is clearly recognized by those skilled in the art: 

Null-reporter alleles should be created 

The project should generate alleles that are as uniform as possible, to allow efficient 
production and comparison of mouse phenotypes. The alleles should achieve a balance 
of utility, flexibility, throughput and cost. A null allele is an indispensable starting point 
for studying the function of every gene. Inserting a reporter gene (e.g., P-galactosidase 
or green fluorescent protein) allows a rapid assessment of which cell types normally 
support the expression of that gene . 

(Austin et al., Nature Genetics (2004) 36(9):921-24, 922)(emphasis added)(copy 
attached). Applicant respectfully reminds Examiner that a claimed invention need only satisfy 
one of its stated objectives to satisfy the utility and enablement requirements . 

In summary, Applicant submits that the claimed transgenic mouse, regardless of any 
disclosed phenotypes, has inherent and well-established utility in the study of the function of the 
gene, and thus satisfies the utility requirement of section 101. Moreover, Applicant believes that 
the transgenic mice are useful for studying GPCR gene function with respect to the cited 
phenotypes as well as studying gene expression; and are therefore useful for a specific practical 
purpose that would be readily understood by and considered credible by one of ordinary skill in 
the art. 

In light of the arguments set forth above, Applicant does not believe that the Examiner 
has properly established a prima facie showing that establishes that it is more likely than not that 
a person of ordinary skill in the art would not consider that any utility asserted by the Applicant 
would be specific and substantial. {In re Brana; MPEP § 2107). 

Withdrawal of the rejections is respectfully requested. 
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Rejection under 35 U.S.C. § 112, first paragraph 

The Examiner has rejected claims 63-70 because one skilled in the art would allegedly 
not know how to use the claimed invention as a result of the alleged lack of either a specific or 
substantial asserted utility or a well-established utility for the reasons set forth in the utility 
rejection. Applicants respectfully traverse the rejection. For the reasons set forth above, the 
claimed invention satisfies the utility requirement. Therefore, one skilled in the art would know 
how to use the invention. 

The Examiner argues that the specification does not teach how to use a mouse without a 
phenotype. The Examiner argues that one skilled in the art would not know how to use a 
heterozygous mouse. 

Applicant disagrees. Claim 63, as amended, is drawn to a transgenic mouse having a null 
allele. There is no requirement that a claim to a novel composition recite a phenotype or 
property. Simply because the claim does not recite the phenotype does not imply that a null 
GPCR mouse made in accordance with the disclosure would not possess the same phenotypes as 
those recited in the specification and the dependent claims. The Examiner has not set forth any 
rationale or objective evidence to support a contrary position. 

The Examiner argues that phenotype is unpredictable. Phenotypes are no longer recited 
in independent claim 63. Moreover, predicting phenotypes a priori must be distinguished from 
reproducibility of the phenotype of the claimed mouse. The general rule is that disruption of the 
coding sequence by a positive selection marker, as taught in the specification, will result in a null 
allele, which by definition involves ablation of gene function (see, for example, Hasty et al. ? 
Gene Targeting, Principles, and Practice in Mammalian Cells in Gene Targeting: A Practical 
Approach, ed. Joyner, Oxford University Press 2000, p. 5). Ablation of function is expected to 
result in the same phenotypic response. 

As cited by Doetschmann, one of the pioneers in this field: 

The conclusions will be that the knockout phenotypes do, in fact, provide accurate 
information concerning gene function . . . 

(Doetschmann at 137)(emphasis added)(copy attached). 

The Examiner cites Crawley (1997) for the proposition that the phenotype of a mutant 
mouse may also reflect interactions with genetic background. 



15 



Enablement is focused on the claimed invention. Independent claim 63 does not recite 
any phenotypes. The specification fully enables a mouse having a null allele. One skilled in the 
art, using strains other than those taught in the specification, would be able to make and use a 
null mouse. 

The purpose of the Crawley paper was to provide guidance regarding the selection of 
mouse strains in order to minimize possible interactions with behavioral phenotypes ("The 
present authors hope that this article will serve to guide investigators to the wealth of available 
knowledge in behavioral genetics, to make an informed choice of the best inbred strain for the 
development of a new null mutation." Crawley at 120). Such guidance is consistent with the 
enablement requirement. In addition, the observations and conclusions made by Applicant were 
based on age, gender and strain-matched controls. Assignee Deltagen's pathologists, being 
skilled in the art, already took any effect of strain variances into account (if the Examiner 
requires a list of Deltagen's pathologists and their credentials, Applicant would provide such a 
list). 

Applicant submits that the claimed invention, a mouse having a null GPCR allele, is fully 
enabled. Applicant respectfully requests withdrawal of the rejection. 

In view of the above amendments and remarks, Applicant respectfully requests a Notice 
of Allowance. If the Examiner believes a telephone conference would advance the prosecution 
of this application, the Examiner is invited to telephone the undersigned at the below-listed 
telephone number. 

The Commissioner is hereby authorized to charge any deficiency or credit any 
overpayment to Deposit Account No. 13-2725. 

Respectfully submitted, 
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Background on Mouse as a Model Organism 

Over the past century, the mouse has developed into the premier mammalian model system 
for genetic research. Scientists from a wide range of biomedical fields have gravitated to the mouse 
because of its close genetic and physiological similarities to humans, as well as the ease with which 
its genome can be manipulated and analyzed. 

Although yeasts, worms and flies are excellent models for studying the cell cycle and many 
developmental processes, mice are far better tools for probing the immune, endocrine, nervous, 
cardiovascular, skeletal and other complex physiological systems that mammals share. Like humans 
and many other mammals, mice naturally develop diseases that affect these systems, including 
cancer, atherosclerosis, hypertension, diabetes, osteoporosis and glaucoma. In addition, certain 
diseases that afflict humans but normally do not strike mice, such as cystic fibrosis and Alzheimer's, 
can be induced by manipulating the mouse genome and environment. Adding to the mouse's appeal 
as a model for biomedical research is the animal's relatively low cost of maintenance and its ability to 
quickly multiply, reproducing as often as every nine weeks. 

Mouse models currently available for genetic research include thousands of unique inbred 
strains and genetically engineered mutants. There are mice prone to different cancers, diabetes, 
obesity, blindness, Lou Gehrig's disease, Huntington's disease, anxiety, aggressive behavior, 
alcoholism and even drug addiction. Immunodeficient mice can also be used as hosts to grow both 
normal and diseased human tissue, a boon for cancer and AIDS research. 

In the early days of biomedical research, scientists developed mouse models by selecting and 
breeding mice to produce offspring with the desired traits. Researchers also learned to produce 
useful, new models of genetic disease quickly and in large numbers by exposing mice to DNA- 
damaging chemicals, a process known as chemical mutagenesis. 

In recent decades, researchers have utilized an array of innovative genetic technologies to 
produce custom-made mouse models for a wide array of specific diseases, as well as to study the 
function of targeted genes. One of the most important advances has been the ability to create 
transgenic mice, in which a new gene is inserted into the animal's germline. Even more powerful 
approaches, dependent on homologous recombination, have permitted the development of tools to 
"knock out" genes, which involves replacing existing genes with altered versions; or to "knock in" 
genes, which involves altering a mouse gene in its natural location. To preserve these extremely 
valuable strains of mice and to assist in the propagation of strains with poor reproduction, researchers 
have taken advantage of state-of-the-art reproductive technologies, including cryopreservation of 
embryos, in vitro fertilization and ovary transplantation. 

The Jackson Laboratory, a publicly supported national repository for mouse models in Bar 
Harbor, Maine, has played a crucial role in the development of the mouse into the leading model for 
biomedical research. Established in 1929, the non-profit center pioneered the use of inbred laboratory 
mice to uncover the genetic basis of human development and disease. In fact, the famous "Black 6" 
or C57BL/6J mouse strain whose genome is the focus of the landmark sequencing effort was 
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developed in the early 1920s by The Jackson Laboratory founder Clarence Cook Little. 

Today, researchers at The Jackson Laboratory pursue projects in areas that include cancer, 
development and aging, immune system and blood disorders, neurological and sensory disorders, and 
metabolic diseases. Informatics researchers work with the public sequencing consortium to curate 
and integrate the sequenced mouse genome data with the wealth of biological knowledge collected in 
Jackson's Mouse Genome Informatics resource. 

In addition, The Jackson Laboratory distributes 2,700 different strains and stocks as breeding 
mice, frozen embryos or DNA samples. In FY 2002 alone, the lab supplied approximately 2 million 
mice to the international scientific community. 

Listed below is a sampling of mouse models developed and/or distributed by The Jackson 
Laboratory, along with brief descriptions of the human diseases they are helping scientists to 
understand: 

• Down Syndrome - One of the most common genetic birth defects in humans, 
occurring once in every 800 to 1,000 live births, Down syndrome results from an extra copy of 
chromosome 21, an abnormality known as trisomy. The Ts65Dn mouse, developed at The Jackson 
Laboratory, mimics trisomy 21 and exhibits many of the behavioral, learning, and physiological 
defects associated with the syndrome in humans, including mental deficits, small size, obesity, 
hydrocephalus and thymic defects. This model represents the latest and best improvement of Down 
syndrome models to facilitate research into the human condition. 

• Cystic Fibrosis (CF) - The Cftr knockout mouse has helped advance research into 
cystic fibrosis, the most common fatal genetic disease in the United States today, occurring in 
approximately one of every 3,300 live births. Scientists now know that CF is caused by a small 
defect in the gene that manufactures CFTR, a protein that regulates the passage of salts and water in 
and out of cells. Studies with the Cftr knockout have shown that the disease results from a failure to 
clear certain bacteria from the lung, which leads to mucus retention and subsequent lung disease. 
These mice have become models for developing new approaches to correct the CF defect and cure 
the disease. 

• Cancer - The p53 knockout mouse has a disabled Trp53 tumor suppressor gene that 
makes it highly susceptible to various cancers, including lymphomas and osteosarcomas. The mouse 
has emerged as an important model for human Li-Fraumeni syndrome, a form of familial breast 
cancer. 

• Glaucoma - The DBA/2J mouse exhibits many of the symptoms that are often 
associated with human glaucoma, including elevated intraocular pressure. Glaucoma is a debilitating 
eye disease that is the second leading cause of blindness in the United States. 

• Type 1 Diabetes - This autoimmune disease, also known as Juvenile Diabetes, or 
Insulin Dependent Diabetes Mellitus (IDDM), accounts for up to 10 percent of diabetes cases. Non- 
obese Diabetic (NOD) mice are enabling researchers to identify IDDM susceptibility genes and 
disease mechanisms. 

• Type 2 Diabetes - A metabolic disorder also called Non-Insulin Dependent Diabetes 
Mellitus (NIDDM), this is the most common form of diabetes and occurs primarily after age 40. The 
leading mouse models for NIDDM and obesity research were all developed at The Jackson 
Laboratory: Cp/ ot , Lep ob , Lepr db and tub. 

• Epilepsy - The "slow-wave epilepsy," or swe, mouse is the only model to exhibit both 
of the two major forms of epilepsy: petit mal (absence) and grand mal (convulsive). It shows 
particular promise for research into absence seizures, which occur most often in children. 

• Heart Disease - Elevated blood cholesterol levels and plaque buildup in arteries within 
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three months of birth (even on a low- fat diet) are characteristics of several experimental models for 
human atherosclerosis: the Apoe knockout mouse and C57BL/6J. 

• Muscular Dystrophy - The Dmd mdx mouse is a model for Duchenne Muscular 
Dystrophy, a rare neuromuscular disorder in young males that is inherited as an X-linked recessive 
trait and results in progressive muscle degeneration. 

• Ovarian Tumors - The SWR and SWXJ mouse models provide excellent research 
platforms for studying the genetic basis of ovarian granulosa cell tumors, a common and very serious 
form of malignant ovarian tumor in young girls and post-menopausal women. 

Contact: Geoff Spencer NHGRI Phone: (301) 402-0911 

Last Reviewed: September 2004 
Top of page 
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The Knockout Mouse Project 

Mouse knockout technology provides a powerful means of elucidating gene function m vivo, and a publicly available 
genome-wide collection of mouse knockouts would be significantly enabling for biomedical discovery. To date, published 
knockouts exist for only about 10% of mouse genes. Furthermore, many of these are limited in utility because they have 
not been made or phenotyped in standardized ways, and many are not freely available to researchers, ft is time to harness 
new technologies and efficiencies of production to mount a high-throughput international effort to produce and 
phenotype knockouts for all mouse genes F and place these resources Into the public domain. 



Now that the human and mouse genome 
sequence* arc known attention has turned 
to elucidating gene function and identifying 
gen* products dm might have therapeutic 
value. The laboratory mouse (Mus tttusatlut) 
has had a prominent role in the study of 
hunun disease mechanisms throughout the 
rich , 1 00- year history of classical mouse genet- 
ics, exemplified by the lessens learned from 
naturally occurring mutants such as agouti*. 
rcder 5 and obese 6 . The large-scale production 
and analysis of induced genetic mutations in 
worms, flies, zebrafish and mice have greatly 
accelerated the understanding of gene function 
in these organisms. Among the model organ- 
isms, the mouse offers particular advantages 
for the study of human biology and disease: (i) 
the mouse is a mammal and its development, 
body plan, physiology, behavior and diseases 
have much sn common with those of humans; 
(ii) almost alt mouse genes have 

homoJog* in humani; and (in) the mouse 
genome supports targeted mutagenesis in spe- 
cific genes by homologous recombination in 
embryonic stem i ES) cell* allowing genes to be 
altered efficiently and precisely. 

The ability to disrupt, or knock out, a spe- 
cific gene in K5 cells and miee was developed 
in the late 1980s ( r«f. 7), and the use of knock- 
out mice has ted to many insights into human 
biology and disease*" 1 '. Current technology 
also permits insertion of 'reporter' gene* into 
the knocked-out gene, which an then be 
used to determine the temporal and spatial 



Tht Comprehensive Krmckout Mouur 
Projett Consortium* 

*Author$ miJ tlieir affiliation* art listed at the 
rnti of the paper. 



expression pattern of the knocked-out gene in 
mouse tissues. Such marking of cells by a 
reporter gene facilitates tile identification of 
new cell types according to their gene expres- 
sion patterns and allows further character na- 
tion of marked tissues and single cells. 

Appreciation of the power of mouse genet* 
i« to inform the study of mammalian physi- 
ology and disease* coupled with the advent of 
the mouse genome sequence and the ease of 
producing mutated allele*, has catalysed pub- 
lic and private sector initiatives to produce 
mouse mutants on a large scale, with the goal 
pf eventually knocking out a substantial por- 
tion of the mouse genome 1 Large»fca!e, 
publicly funded gene- trap programs have 
been initialed in several countries, with the 
Inter national Gene Trap Consortium coordi- 
nating certain efforts and resources 1 *' 17 . 

Despite these efforts, the total number of 
knockout mice described in the literature Is 
relatively modest, corresponding to only - 10% 
of the -25,000 moose gene*. The curatcd 
Mouse Knockout Be Mutation Database list* 
2,669 unique genes (C Rathbone^ personal 
communication), the curatcd Mouse Genome 
Database lists 2.W7 unique genes, and on 
analysts at Lexicon Genetics identified 2*492 
unique genes (BZ, unpublished data). Most 
of these knockouts arc not readily available to 
scientists who may want to use them in their 
research; for example, only 415 unique genes 
are represented as targeted mutations in the 
Jackson Laboratory** Induced Mutant 
Resource database (S. Rockwood, personal 
communication). 

The converging interests of multiple mem- 
bers of the genomics community led to a meet- 
ing to discuss the advisability and feasibility of 



a dedicated project to produce knockout alleles 
for all mouse genes and place them into the 
public domain. The meeting took place from 
30 September to I October 2003 at the 
Banbury Conference Center at Cold Spring 
Harbor Laboratory. The attendees of the meet* 
tng are die authors of this paper. 

Is a systematic project warranted? 

A coordinated project to systematically knock 
ou t all mouse genes is likely to be of enormous 
benefit to the research community, given the 
demonstrated power of knockout mice to ctuci - 
dale gene funciioiv the frequency of unpre- 
dieted phenotypes in knockout mice, the 
potential economies of scale in an organized 
and carefully planned project, and the high cost 
and lack of availability of knockout mice being 
made in current efforts. Moreover, implement- 
ing such a systematic and comprehensive plan 
will gr eady accelerate the translation of genome 
sequences into biological insights. Knockout ES 
cells and mice currendy available from die pub- 
lic and private sectors should be incorporated 
into the genome-wide initiative as much as 
possible, although some maybe need to be pro- 
duced again if they were made with subopUma) 
methods not including * marker) or if 
their use is restricted by intellectual property or 
other constraints. The advantages of such a sys- 
tematic and coordinated effort include efficient 
production with reduced costs] uniform use of 
knockout methods, allowing for more compa- 
rability between knockout mice; and ready 
access to mice* their derivatives and data to all 
researchers without encumbrance- Solutions to 
the logistical, organizations) and informatics 
issues associated with producing, characterize 
ing and distfibuting such a large number of 
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Figure 1 Structure of resource production in the proposed KOMP. Using the mouse genome sequence 
as a foundation, knockout alleges in ES cslls m\\ be produced for all genes. A subset of ES cell 
knockouts will be used each year to produce knockout mice, Cetermirve Xhe ei-pressSon pattern of the 
targeted gene in a variety of tissues and carry out screening- level (Tier i) phenotyping. In a subset of 
mouse tines, transcriptocne analysis end more detailed system-specie ("Her 2} phenotyping will &e 
done. Finally, specialized pherictyping wilt be done on a smaller number oi mouse lines with 
particularly interesting pbfiROtypis. Att stages witt occur within the purwew of the KOMP except lor the 
specialized prienaiyping, which will occur in individual laboratories with particular expertise. 



mice, will draw from the experience of related 
projects m the private sector and in academb, 
which have made or phenoryped hundreds of 
knockout mice using a variety of techniques. 
Lissom learned from these projects include the 
need for redundancy at each step to mitigate 
pipeline bottlenecks and the need for robust 
informatics systems to track the production, 
analysis, maintenance and distribution of thou- 
sands of targeting constructs, ES cells and mice. 

Null-reporter alleles should He Crated 
The project should generate alleles that arc 
as uniform as possible, to allow efficient pro- 
duction and comparison of mouse ph.cn a- 
types* The alleles should achieve a balance of 
utility, flexibility, throughput and cost. A 
null allele is an indispensable starting point 
for studying the function of every gene. 
Inserting a reporter gene (?.£•, pV galactose - 
dase or green fluorescent protein) allows a 
rapid assessment of which cell types nor- 
mally support the expression of that gene. 
Therefore, we propose to produce a nuJl- 
reporter allele for each gene. Making each 
mutation conditional in nature by adding 
or*- dements laxP or FRT site*) would 



be desirable* but we do not advocate this as 
part of the mutagenesis strategy unless the 
technological limitations currently associ- 
ated with generating conditional targeted 
mutations on a Urge scale and in a cost- 
effective manner can be overcome, 

A combination of methods should he uittd 
Various methods can be used to create 
mutated alleles, including gene targeting, 
gene trapping and UNA interference. 
Advantages of conventional gene targeting 
include flexibility in design of alleles, lack of 
limitation to integration hot spots, reliability 
for producing complete loss-of-funeiion alle- 
les, ability to produce* reporter knock- ins and 
conditional alleles, and ability to target splice 
variants arid alternative promoters. BAO 
bascd targeting has the potential advantages 
of higher recombination efficiencies and flex- 
ibility for producing complex mutated alle- 
les 15 . Gene trapping is rapid, is cost -effective 
and produces a large variety of inscrtiartal 
mutat ions throughout the genome but can be 
somewhat less flexible 17,1 *" 11 , There is uncer- 
tainty regarding the percentage of gene traps 
that produce a true null allele and the fraction 



of the genome that can ultimately be covered 
by gene-trap mutations. Trapping is not 
entirely random but shows preference for 
larger transcription units and genes more 
highly expressed in ES cells. In recent studies, 
gene trapping was estimated to potentially 
produce null alleles for 50-60% of all genes, 
perhaps moic if a variety of gene-trap vectors 
with different insertion characteristics is 
used' 7,31 . RNA interference offers enormous 
prom tic for analysis of gene function in 
mice 22 but is not yet sufficiently developed for 
large-scale production of gene modifications 
capable of reliably producing true null alleles. 
Both gene-targeting and gene-trapping meth- 
ods are suitable for producing large numbers 
of knockout alleles* and, given their cornple* 
mentary advantages, a combination of these 
methods should be used to produce the 
genome- wide collection of null - reporter alle* 
les most efficiently; 

What should the deliverables be? 

A genome-wide knockout mouse project 
could deliver to the research community a 
trove of valuable reagents and data, including 
targeting and trapping constructs and vec- 
tor*, mutant ES Cell lines* live mice, frozen 
sperm, frozen embr yos, phenotypie data at a 
variety of levels and detail, and a database 
with data visualization and mining tools. At a 
minim um. we believe that a comprehensive 
genome-wide resource of mutant ES cell lines 
from an inbred strain, each with a different 
gene knocked out, should be produced and 
made available to the community. Choosing 
an inbred line (129/SvEvTac or C57BU6J), 
and evaluating the alternative of using F, ES 
cells and tetraploid aggregation to provide 
potential time savings, merits additional sci- 
entific review and discuss ton 2 ^ 5 *. ES cells 
should be converted into mice at a rate con- 
sistent with project funding and the ability of 
the worldwide scientific community to ana* 
lyzc them. Although the value and a» ^effec- 
tiveness of systematically characteming the 
mice j* a matter of debate, a limited set of 
broad and cust-cfTrctive screens, probably 
including assessment of developmental 
lethality, physical examination, basic blood 
tests, and histochemical analysis of reporter 
gene expression, would be useful. More 
detailed phenotyping, based on findings 
from the initial screen or existing knowledge 
of the gene's function, could be done at spe- 
cial i/ed centers. All ES cell clones and mice 
(as frozen embryos or sperm) should be 
available to any researcher at minimal cost, 
and all mouse phenotyping and reporter 
expression data should be deposited into a 
public database. 
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In determining how to implement the pro- 
ject, utility to the research community should 
be the standard for judging value Each step 
after ES cell generation {e.#, mouse creation, 
breeding, expression analysis phenotyping) 
will make the resource useful to more 
re scarchm but will also increase costs and sci* 
entific complexly. We therefore advocate a 
'pyramid' structure for the project (Fig. I )> At 
the base of the pyramid is the genome^wide 
collection of mutant ES cells for every mouse 
gene. Over time, a subset of these mutant ES 
cells sltould be made into mice and character- 
ized with an initial phertotype screen (Tier 1; 
Fig. L ) and analysis of tissue reporter-gene 
expression. A subset of these \lf\e$ should be 
profiled by microamy ami pis. and a subset of 
these profited by system -specific (Tier 2) phe- 
notyping, based on die results of the Her 1 
phenotyping, array studies, existing knowl- 
edge of the gene's fund ion and the gene's tissue 
expression pattern. With time, the upper tiers 
of the pyramid will be filled out, eventually 
transforming the pyramid into a cube with 
information of all types available for all genes. 

This project will require the resolution of 
numerous intellectual property claims involv- 
ing the production and use of knockout mice. 
To deal with the existing patents that cover 
the technologies and processes involved in the 
production of mutant mice* wc suggest that a 
'patent pool', such as that used in the semi- 
conductor industry**, should be generated. 
Several individuals who represent entities that 
control patents on mouse knockout technolo- 
gies are authors on this paper, and they agree 
with this approach, We also agree that any 
mutant ES cells or mice produced should be 
placed immediately in the public domain. 

Mechanisms and costs 

ES cell production. Automated knockout 
construct and ES cell production should be 
carried out in coordinated centers to ensure 
efficiency and uniformity, We estimate that 
most known mou&e genes could be knocked 
out in ES cctls within 5 years, using a combina- 
tion of gene 4 rapping and gene-wrgeting tech- 
niques. One trapping can produce a large 
number of mutated alleles quickly, but its 
progress should be momtmed closely to deter- 
mine when its yield of new genes diminishes 17 
and, therefore* when targeting should be 
increa^ngty relied on. As targe-scale trapping 
projects rave already defined gene classes that 
probably cannot be knocked out by trapping 
(e.£, singfe-exon GPCRs, genes that are not 
expressed in ES cells), we propose that target- 
ing begin on those classes immediately, All ES 
cells should be made available to the research 
communiry, because this collection itself 



would be a valuable resource. Efforts in rhe 
public and private sectors have already 
knocked out many genes in ES cells, anri\ to the 
degree that the alleles produced fit the pre- 
scribed characteristics (t.e., null alleles with a 
reporter) and are available* every effort should 
be made to incorporate these into the planned 
public resource. Costs for generating this part 
of the resource were estimated at between 
$9-1 1 mtllion/year for five years (these and all 
subsequent figures are direct costs). 

Mouse production. The subset of ES ecu's 
made into mice each year should be chosen by 
a peer-review process. Central facilities for 
high- efficiency mouse production, genotyp- 
tng, breeding, maintenance and archiving 
should be funded, to Lake advantage of effi- 
ciencies of scale in mouse creation and distri- 
bution. Researchers could apply to produce 
groups of mice outside the centers, as long as 
ihey meet the cost specifications of the pro- 
gram. All mice should be made available 
immediately to researchers as frozen embryos 
or sperm, for nominal distribution cost. An 
initial target of 500 new mouse lines per year 
would double the current rate at which new 
genes are knocked out tn the public sector; we 
feel that this rate is within the capacity of the 
biomedical research community worldwide 
to absorb and analyze. We estimated the ini- 
tial cost of this level of mouse production to 
be $12.5-15 million per year. 

Reporter tissue expression analysis. 
Approximately JO tissues from adult and 
developmental stages should be sampled to 
cover the main organ systems. Analysis meth- 
ods should be customised to the organ system 
and marker, and a searchable database of the 
sites of gene expression, and the images show- 
ing them, should be produced, Centers to 
carry out these analyses and data eu ration 
should be selected by peer review. We esti- 
mated the cost of this component for 500 
mouse line* to be $2.5-5 million per year, 
depending on how much tissue sectioning and 
ceil-level analysts is done. 

Phenotyping, Tier 1 phenotyping should 
be a tow-cost screen for clear phenotypes and 
should be done on all mouse lines produced. 
Tier 1 should include home-cage observation, 
physical examination, blood hematological 
and chemistry profiles, and skeletal radi- 
ograph*. The centers producing the mice 
should carry out the Tier 1 analyses, at an est i- 
mated cost of $2.5 million per year for 500 
lines, Selected lines, chosen on the basis of 
findings from Tier 1 phenotyping, tissue 
expression patterns, mtcroarray data and the 
scientific Uterorure, should undergo more 
detailed and system- focused Tier 2 phenotyp- 
ing. Tier 1 phenotyping should be done in 



specialized phenotyping centers, akin to those 
already in operation for phenotyping of mice 
produced by ENU mutagenesis. Ail Tier 1 and 
Tier 2 phenotyping should be done on a uni* 
form genetic background by dedicated groups 
of individuals in single locations, to facilitate 
consistency and cross-comparison of results 
among different mouse lines. All Tier 1 and 
Tier 2 phenotyping results should be 
deposited into a central project database freely 
accessible to the research community. More 
detailed and specialized phenotyping could be 
done by individual researchers in their own 
laboratories; deposition of this more detailed 
phenotypc data would be encouraged 

Trui&criptome analysis. Transcriptome 
profiling of tissues from each knockout tine, 
collected in a uniform way across all mice and 
tissues arid placed into a searchable relational 
database, would add substantially to the sci- 
entific value of the project, though it would 
also add considerably to its cost. 
Transcriptome analysis should therefore be 
done on a subset of mice, chosen by peer 
review. We estimate that, with the best cur- 
rently available array technology, an analysis 
often tissues would cost -$18>0QQ per line. 

Conclusions 

This p roject, tentatively named the Knockout 
Mouse Project (KOMP), will be a crucial step 
in harnessing the power of the genome to 
drive biomedical discovery. By creating a 
publicly available resource of knockout mice 
and phenotypic data, KOMP will knock 
down barriers for biologists to use mouse 
genetics in their research. The scientific con- 
sensus that we achieved — that a dedicated 
project should be undertake n to produce 
mutant mice for all genes and place them 
into tSic pubEic domain — is important but is 
only the beginning. Implementation of these 
recommendations will require additional 
input from the greater scientific community, 
including those responsible for program- 
matic direction and financial support of bio- 
medical research in the public and private 
sectors. This ambitious and historic initiative 
must he carried out as a collaborative effort 
of the worldwide scientific community, so 
that all can contribute their skills, and all can 
benefit. International discussions among sci- 
entific and programmatic staffs since the 
Banbury meeting at Cold Spring Harbor, in 
both the public and private sectors, have 
shown that there is great enthusiasm and 
commitment to this vision. The next step for 
KOMP will be to move this visionary plan 
from conceptualization to implementation, 
with an urgency befitting the benefits it will 
bring to science and medicine. 
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Special Topic Overview 

Interpretation of Phenotype in 
Genetically Engineered Mice 



Thomtui Bootschman 

Background and Purpose; In mice, genetic engineering involves two general approaches— addition of an ex- 
ogenous gene, resulting in transgenic mice, and urn of knockout mice, which have a targeted mutation of an 
endogenous gene. The advantages of these approaches is that questions can be asked about the function of a 
particular gene in a living mammalian organism, taking into account interactions among mils, tissues, and 
organs under normal, disease, injury, and stress si tuations. 

Methods: Review of the literature concentrating principally on knockout mice and questions of unexpected 
phenotypes, lack of phenotype, redundancy, and effect of genetic background on phenotype will he discussed. 

Conclusion: There Is little gene redundancy in mammals; knockout phenotypes exist even if none are imme- 
diately apparent; and investigating phenotypes in colonies of mixed genetic background may reveal not only 
more phenotypes, but also may lead to better understanding of the molecular or cellular mechanism underly- 
ing the phenotype and to discovery of modifier genets). 



One often hears the comment that genetically engineered 
mice, especially knockout mice, are not useful because they 
frequently do not yield the expected phenotype, or they dont 
seem to have any phenotype. These expectations are often 
based on years of work, and in some instances, thousands of 
publications of mostly m vitro studies. Examples of unex- 
pected phenotypes, based largely on experience with trans- 
forming growth factor beta {Tgfb) and basic fibroblast 
growth factor knockout and transgenic mice,, will be 

presented to discuss possible reasons for unexpected ..knock- 
out phenotypes. The conclusions will be that the knockout 
phenotypes do, in fact, provide accurate information con- 
cerning gene function, that we should let the unexpected 
phenotypes lead us to the specific cell, tissue, organ culture, 
and whole animal experiments that are relevant to the func- 
tion of the gertos in question, and that the absence of phen o* 
type indicates that we have not discovered where or how to 
look for a phenotype. 

Before entering into how one should interpret unexpected 
knockout phenotypes and how one should deal with lack of 
knockout phenotypes, it is necessary to give a brief introduc- 
tion into how knockout mice arc made. For detailed informa- 
tion, the following reviews are suggested (l-4h Transgenic 
technology has had a long history; thus, an introduction to 
that technology will not be given here. Rather, the following 
reviews are suggested (5, (3). At this juncture, it should be 
noted that, although transgenic vertebrates ranging from 
fish to bovids have been produced, knockout technology haa 
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to date beeu successful only in mice, even though embfyorrit 
stem (ES) cells have been produced from several other spe 
des, including hamster (7), rat (6), rabbit (9, 10), pig <U-t&). 
bovine (.14, 15), and zebmfish (16), Consequently, the entire 
discussion will be focused on mice. 

Knockout mice are generated by the injection of geneti- 
cally engineered or gene-targeted ES cells into a mouse bias 
tocyst to generate a chimeric embryo, which in turn can pass 
on the engineered gene to its offspring. ES ceD lines are 
tablished from the inner cell mass of a .mouse blantocyat, s< 
that when injected into blastocysts, the ES cells can incor 
porate into the inner cell muss of the recipient blastocysts 
thereby chimeric rig them. Subsequent to transfer of the chi 
merit blastocysts into uteri of paeudopregnant mice, chi 
meric mice are bora. If the germane of a chimeric mouse ii 
colonized by cells derived Irom the injected ES cells, the chi 
mera is termed a *'gennline" chimera. Some of the offspring 
of the germline chimeras will then carry the engineers 
gene in their genomes. Gene targeting in ES cells uses thi 
ES mW DNA repair apparatus to bring about homologous 
recombination between an exogenous DNA fragment trans 
fected into the ES cell and its homologous region in the ge 
nome. Homologous recombination usually results ii 
replacement of the endogenous region w ith the exogenou; 
fragment, thereby altering the endogenous gene in j 
prespecified manner. There are many variations on this pro 
cedure by which genes can be altered not only to ablate func 
tion, but also to make more subtle mutations (17-19). Sue! 
procedures can be used to introduce point mutations, re 
move specific splicing products switch isofbrrns, and human 
ize genes. In addition, technology has recently beei 
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developed to make conditional and inducible knockouts in 
which gene function is ablated either in a developments lly 
specified tissue (20-22) or in an inducible manner (23-261 
These techniques, though exciting, will not be further dis- 
cussed. 

Extensive nonredundancy in the TGFP family: Sev- 
eral thousand cell culture studies on the three mammalian 
transforming growth factor beta proteins CTGFjis 1, 2, and 3) 
have implicated these growth and differentiation factors in 
the function of nearly every cell type studied. Expression 
studies indicated unique and overlapping expression of the 
three TCF&s (27, 28). For example, overlapping protein local- 
isation was found in all gut epithelio> all layers of the skin, all 
three muscle types, kidney tubules, lung bronchi, cartilage, and 
bone (Table 1), Together with the fact that all three TGFJis sig- 
nal through a common TGF type-II receptor (Figure 1), these 
data strongly suggest considerable redundancy in function. 
Consequently, it is surprising that, of the >30 phenotypes of the; 
three Tgjb knockout mice that wg have described (29-31), none 
appear to be overlapping (Table 2), !*hese results indicate ex- 
tensive nonredundaney between TOFp ligands even though 
there is considerable overlap in expression. Of course, these re- 
sults do not rule out the .possibility of some redundancy in some 
tissues. Combination of the ligand knockouts would uncover 
such situations, audit is likely that a few will exist, but; 30 non* 
overlapping phenotypes for three Uganda strongly suggests 
that a vast number of their functions arc not redundant 

There are several possible explanations for how there can 
be so much overlap in ligand expression and yet so much 
specific ligand function. First, TG'Fjls are secreted as latent 
peptides and must be activated before they can bind recep- 
tors (32-35). The mechanism by which this extracellular 
processing occurs is not well understood and may be differ- 
ent for each TGF£. Hence, ligand processing presumably de- 
termines some functional specificity for the three TGFfc*. 
Second, there is a third type ofTGFfi receptor, TGF£iR3, that 
can interact with ligand and receptor types I and II before 
cytoplasmic signaling can occur, though involvement of 
TGF(3R3 is not essential for signaling (.36-38). Association 
with type III receptors is thought to enhance some TGFpRl 
and 2/ligand interactions. Upon ligand binding, the serine/ 
threonine receptor TGFpB2 then associates with and phos- 
phorylates the transmembrane serine/threonine receptor 
TGF^E.l, which in turn initiates a phosphorylation-medi- 
ated signaling cascade. Hence, combinatorial rcccpter/ligand 
interactions will also determine functional specificity Third, 
signaling from TGFpRl can occur through two cytoplasmic 
signaling proteins called SMAD2 and 3 (39, 40) and, per- 
haps, through a third called SMAD5 (41.). In addition, 
SMAD6 and 7 can also interact with the other SMADs to in- 
hibit signaling (42-44). Hence, differential SMAD protein 
interactions with transcriptional machinery will probably 
also determine functional specificity for the three TGFfl 
ligands. Finally, there may be several non-transcriptional 
signaling pathways for TGFps. For example, we have found 
that .TGFpi-deficient platelets from Tgfbl knockout mice 
have impaired platelet aggregation that can be restored by 
incubating isolated platelets with recombinant TGFfU (un- 
published observations). Because platelets do not have a 
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Table 1* Protein otpra&ion of transforming grwch factor hataOXWl 
1,2 , and 13 

Tissue/colt typo TO ? P.L 

C»rtilage 

Chondrocytes * 
JlnnM 

Pdriofttcnni +* 
OsteAeyteft 
1Wh 

Amclafcleftte + 
Odsmt&hlasts 

Pulp + 
Muscle 

Smooth ♦ 

Cardsoc + 

Skeletal + 
Lung 

Alvrsili 
Bloorf vessels 

SmautU musclo ■*■ 
Kidney 

Tubals ++ 

ftfjitfiimeafe membrane 
Adrenal. 

Cortex 

Medulla 
Gut 

Eanjjhagfcai epifch«livt& ++*■ 
Gastric epithelium 
Intestinal epithelium ++ 
Bnncruimt jaembnin* 
M use u I oris + 
liver 
Osipsule 
Parenchyma 

Megakaryocytes + 
Eye 

Iyens epithciiwin 
Lens fibor* 
Bar 

Cochlear cpitfwiShim 
Basement membrasiD 

cm 

Meninges + 
GUs 

Churoid plexus 
Skta 

Periderm 
Kpitlerasis 

Deiuiis 4 
Hair follletat 



++ 

+++ 



The polvctanal sintihodies used were, specific Tor residues 4-19 uf 1 GFpl 
uutf 2 and txsiduoB at TGFffl. The Bvidln-blatSn system wag used 
for sUiinlng Data obtained flram immunohlatochcmwol atudy of Polturt 
at al. <2S). Reproduced from 'Hie Journal of Cell Biology, 1991,115:1091- 
1105. by copyright pcrmi«siae or The ftakefclfer University Press. 

nucleus, there must exist a signaling pathway that is 
nontranseriptiona!. In summary, given the complexities of 
ligand processing, receptor interactions, and signaling path - 
ways, it becomes clear why redundancy in TGF1, 2, and 3 
function 1ms not been detected at the whole animal level, 
even though there is considerable overlap in expression of 
Tgfb gene family members. Consequently, if other gene fami- 
lies function with similar complexity, it is likely that, in the 
final analysis, little functional redundancy will be found 
within gene families, 

Two striking examples of apparent functional redundancy 
are worth considering- The first involves myogenic genes, 
and the second involves reiinoic acid receptors. Contrary to 
early interpretations, redundancy does not now appear to be 
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Extracellular Matrix Genes ; 
Cell Cycle Gcties 
Differentiation Genes 
Growth Factor Receptor Gcrics 

Figure l.TGF£ signaling pathway The TGFp Uganda, TGFpl (0I) f TGF£2 {(52), andTGFpS (p3), exist primarily in a latent form in vi vo 
and are activated by mechanisms not yet clean In general, TGFp.2 interacts with a TGF0 type III receptor {RIID before interaction with 
TOFp type II OT> ana TGFp type I (Rl> receptors; whereas, the TG'Fpl and TGFp3 ligands can internet directly with the type II receptor, 
Thetlganri recsptnr cnmplfixei can then associate* with saveraJ cytoplasmic molecules, foraesyi protein traasfera&o (FPT) and FK506 
binding protein-! 2 (FKBP-12), beiag two potential examples. The receptor- ligand complex signals fcu the nucleus through threonine/ 
serine phosphorylation nfn series nf'SMAD proteins (related to tlie Dmsophila Mothers against daeapGntaptegic" protein) which then 
elicit tranaciptional regulation of extacellular matrix, cell cycle, differentiation and growth factor receptor genes. The rolea of the oasoci- 
nted cytoplasmic molecule? FPV nncf FKBP-12 are not clear but are thought to involve RAS pathway signaling and modulation of signal* 
ing through the SMAD proteins. 



the case for two of the myogenic genes known to be essential 
for specification of vertebrate skeletal muscle. Myod and 
My/3. Even though the individual knockouts 'have muscle, 
ami only the combined knockouts do not have muscle (45), it 
is now clear that each gene functions in the specification of 
distinct muscle cell lineages. Consequently, in the absence of 
one source of muscle cells, the other source may compensate 
for that (4£, 47). This should be termed developmental com- 
pensation, rather than gene redundancy. On the other hand, 
with respect to retinaic acid receptors, there is also good evi- 
dence for functional redundancy. Similar to the myogenic 
genes, retinoic acid receptor gene knockout mice have few 
phenotypea, whereas the combined knockouts have* many 
phenofcypes (48, 49). Whether this turns out to he gene re- 
dundancy or another case of developmental compensation 
remains to be determined. 



Lack of phenotype: As is the case for TGFfS, there also is 
a multitude of reports indicating that the FGFs I and 2 have 
important roles m numerous cell types* and tissues. Conse- 
quently, when the Fgf2 gene was knocked out by gene tar- 
geting, it was quite surprising that there was no obvious 
phenotype (50), The Fgf& h animals live a long, healthy life, 
and fertility and fecundity are normal, Even the pituitary 
gland, which is the best source of FGP2, appears not to have 
morphologic defects. The only evidence far any developmen- 
tal abnormalities is found in hematopoicsis (50), where 
blood platelet counts are high, and in the cerebral cortex (51, 
52), where morphometries analysis reveals decreased cell 
density. Clearly, these abnormalities are minor, compared 
with expectations. This was all the more evident because our 
transgenic mice, in which the human FGF2 gene was ubiq- 
uitously overexpressed by the phasphoglycerate kinase pro- 
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Tabic a. Nonoverlapping plw»«iijrp«» <if Tgfbl, 4, aad 3 teweiftut mien 
and the ponetrangftof th(»» phenotyiw* 



Kucckout mouse pliaoyypa 



Embryo lethalities 

ft-tti m plar.iaUoa lethal i ry 
Yolk snc lethality 
AdulL phenotyp^s 
Multifocal f!u:oimiminlty 
Flatelat defect 
Colon canucr 
Failing heart. 
T$jb2 toil perinatal lot&alitaes) 
' Heart defects 

Vuatricular septum defects 
Dual outlet right- ventrwb 
Dual in&t left ventricle 
Irmer tiar doft^t — Iac1s» spiral limhua 

Ocul&r bnwreelluUirsty 

Reduced enraeat stroma 
Urogenital defects i n kids By 

Cikbwt renal pel via 

Agones » (females only) 

Utftiiiiti'fcorn ectopia 

Testicular reUvjiUa 

1V»Ub hypoplasia 

Vas deferens dysgenesis 
LiUUg-pfistnatsI 

dilated conducting; turwaya 

Collapsed bronchioles 
Steeletid ilfifette 

Gen pi tat h®n& 

]*ar!Dtol bone 

Squamiiua bone 

Palatine bow (cleft patoui* 

ALisphenOid banc 

Mandibular dnlVets 

Short radius aad ufcw 

Missm- deltoid tubttniaiiy m\$ third fcrOKlirinter 
Sternum maHarmafctons 
Itib barraliiMS 
Rib fusions 
Spina bifida 
Tgfb3 | perinatal liithality^ 



50 
50 
50* 
5Q 
100* 

100*' 

94 
19 
fin 
100 

100 
100 

30 
20 
40 
100 
20 
20 

100 
100 

100 
100 

TOO 
22 
10® 
100 

too 

9+ 

25 
94 
13 
100 

.100 



•Sw ft!*) 3 for background dependency of Tjgfbl knockout pteiwiypes- 
■'Dcwrtbtd -in references 64, 67, 

•Koferft to percentage penetrant* among cnwnaU stmfc survive >» wrin. 
Details on the nmsjaiaB phanolypB* can bo fomid in the Utxt and m »f- 

meter (53 l f had veiy short legs, suggesting an important role 
ofFGF2 in bone development, yet the bones of the knockout 
animals were normal. This apparent discrepancy between 
the transgenic and knockout mice indicates that some other 
FGF signals through the same FGF receptor as does FGF2, 
and that this other FGF is the true ligand that is important; 
in W development. Another possibility is that there is -de- 
velopmental compensation* by alternative mechanisms. 
other words, the absence of FGF2 may cause developmental 
abnormalities during bone development that are then com- 
pensated for by another developmental pathway. This alter- 
native would not necessarily require a different FGF to be 
involved . 

After we hud made our first analysis of the FgfZ knockout 
mouse and did not find an obvious phenotype, it was easy to 
explain the "lack of phenotype" by invoking redundancy be- 
cause there are at least IS known Fgf genes. But in hind- 
sight, it now appears more likely that all members of this 
large gene family have specific functions, even though they 



signol through receptors encoded by only four receptor -genes 
(54) In Fg& knockout mice, evidence was not found for up- 
regulation of the two Uganda meat structurally related to 
FGF2 namely, FGFs 1 and 5 (50). Also, genetic combination 

of Wgk (50) did nat rGVeal redundam! > F betwc f n 

these similar genes. In addition, further analysis of the 
mice revealed roles being played in hematopotesis and 
vascular tone control (50) as well as in brain development 
and wound healintf (51* 52). Finally, in addition icFgfZ 
Fgfs 3-5 7, 8 also have been ablated by gene targeting, re- 
vealing functions in proliferation of the inner cell mass 
iFgfi) (55); gastruletion and cardiac, craniofacial, fore- 
brain, midbrain, and cerebellar development {Fgf8)(m>, 
brain and inner ear development (Fg/3) (67, m and two 
aspects of hair development <FgfG and 7) <5«. 60). lb date 
comparison of ^knockout phenotypea from 6 -of the IB 
Fgf genes haa not turned up overlap except possibly in the 
cerebellum. Together, these results indicate that each 
gene has important unique functions. Although a few re- 
dundant functions may eventually be found on combina- 
tion of Fg& with all other Fgfs except Fgf5> it is clear that 
6 of the 18 Fgf genes studied by gene targeting have been 
associated with essentially unique knockout phenotypes. 

To summarize, what originally appeared as "lack oi pneno- 
typo" led many of us to the premature conclusion tfcat other 
FGFs must have functions redundant to those of FGF2. 
However, further analysis ofFg/2 knockout mice has since 
revealed a wealth of unique functions ranging firom thromb- 
ocytosis and vascular tone control (50) to brain development 
and wound healing <5l, 52). It t$ my expectation that further 
physiologic analysis of the Fgf2 knockout mouse will reveal 
functions in the hypertrophic response to hypertension and 
responses to isdiemia/reperfusion injury and bone injury. In 
the final analysis, it is likely that Uie major roles of FGFS 
may have less to do with getting us to birth than with keep- 
ing us alive after birth, whereas several other FGFs clearly 
have developmental rolen. 

Effects of genetic background on phenotypic varia- 
tion: From 100 years of mouse genetics, it- ha* become clear 
that genetic background plays an important role in the sus- 
ceptibility of mice to many disorders. Therefore, the pheno- 
types of knockout mouse strains will also have genetic 
background dependencies as was first documented by the 
Magnuson and Wagner groups (61, 62). The Tgfbl knockotit 
mine are an exceptional case in point (Table 3). On a misfid 
(50:50) 129 x CF1 background (CFl is a partially outbred 
strain), about half of Tgfbl knockout mice die from a pram- 
plantation developmental defect (63), and the other half die 
of an autoimmune-like multifocal inflammatory disease at 
about weaning age £29), If the targeted Tgfbl allele is back- 
crossed onto a C57BU6 background, 99% of all knockout 
animals die of the preimplantation defect). However, if a 
Tgfbl knockout allele is put onto a mixed 129 x NIH/Ola x 
C57BL/6 background, embryo lethality is observed during 
yolk sac development, not during preimphmtation develop- 
ment (64). With respect to the multifocal inflammatory' dis- 
order of Tgfbl knockout mice, if the targeted allele is put 
onto a 129 x CF1 mixed background (50:50), severe inflam- 
mation exists only in the stomach (29); on the mixed 129 x 
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Table X Background dependency of Wjj knockout phanqtjpes 



llignotypq penrtrftoc<ii ort vnriama strains (3M 



Plume typo 



129 x CFl 



1.23 x Cat 



129 x C3II 



G5" 



130 



C3H WBxCtfx NIH/Dla 



PreimpkmUiUcwi lethality 50 N T D 

Yolk flac lethaJity" 0 U 

AuUraniminadiKweo 50 50 

Cteairie ijiflamnitttioB SO 1, 20'* 

Internal inftommntimi 0 7G" 

Colon cancer* HI) NX) 



N.D 
NTJ 
50 
Nl) 
ND 
ND 



09 
ND 
1 
ND 
ND 
ND 



ND 

m 
m 
mo 



ND 
ND 
Hi) 
ND 
ND 
0 



0 

50 
150 
ND 

m 

ND 



Percentage of knockout animals or a given airoi n that have the desigrmtad phonaLype. 
"For details see references <*4 t fi7. 

^Approximately lOft ofatilttak with autoimmune diecfttn have na detectable gastaoimtstina] tract faftaminaUDn. 
*UnpuUli&ii£cl observations. 
NO = not determined* 



NIH/OUi x C57BL/6 background, the intestines are more se- 
verely inflamed than is the stomach <65). Finally, on a pre- 
dominantly 129 background (129 x CF1; "97:3) t Tgfbl 
knockout mice develop colon cancer if tlie inflammatory (lis- 
order can be eliminated by other genetic manipulations that 
rentier the mice mimunodeficumt {unpublished observa- 
tions). However, on a predominantly C3H background, im- 
munodeficient Tgfbl knockout mice do not develop colon 
cancer (66). These results suggest that modifier genes exist 
that can significantly affect the function of TGI^l in pram- 
plantation development, yolk 3a c development, bowel and 
gastric inflammation, and colon tumor suppression. 
Progress toward localizing a modifier gene for the yolk sue 
developmental problem has been made C67), 

What is the best genetic background for knockout 
mice? Because background-dependent phenotypie variabil- 
ity will .likely \n found for moat knockout mice, i t will be use- 
ful to haekcross a targeted allele onto several mouse 
backgrounds to make corujenic strains. In this section, it will 
be argued that putting a targeted allele on a mixed strain 
background will also provide useful information. This is no t 
to say that congenic strains are not useful. Rather, the point 
to be made here is that there also are benefits to looking at 
mixed strain backgrounds. Again, our experience with Tgfb 
knockout mice will be instructive. 

Generating homozygous mutant krwck&at animals on a 
mixed genetic background is fasten The ES cells are nearly 
always from a 129 strain, and the blastocysts into which the 
targeted ES cells aro injected are nearly always C57BL/S. 
For reasons unknown, this is a good combination for estab- 
lishing germivne transmission of the injected ES cells, The 
resulting cMmeras can then be crossed with any strain de- 
sired, but 129, C57BL/6, or "Black Swiss mica are most often 
used, and CFl mice were used in the case of our TgfbZ 
knockout mice, Heterozygous offspring from this crossing 
will then be inbred 129 or Fl hybrids of 129 and one of the 
other strains. Clearly then, the quickest route to having the 
knockout allele on an inbred strain is through 129. For the 
other strains several generations or b&ckcrossing is re- 
quired, which can take well over a year. Unfortunately, 
strain-129 mice have low fertility and fecundity Conse- 
quently, the number of offspring per litter is usually fewer 
than six. Although 129 x C57BL/6 hybrids are more robust, 
upon backcrossing onto C57BL/6, litter size decreases. r \h 
the contrary, tho Black Swiss and CFl strain* are robust, 
and litter &ize often is in excess of 12. The reason for this is 
probably because they are not truly inbred strains, but 



rather are partially outbred through random breeding 
within their respective strains. Therefore, one of the choices 
one lias is to stay with *pure* genetics at the expense of a 
lower production rate and considerable delay before genera- 
tion of experimental animals, or sacrifice some genetic pu- 
rity to obtain a more efficient production colony. Ideally, one 
would want to do both, but this often is too expensive. 

Mixed genetic background knockout mice often have a 
witter range ofphenatypes. The Tgfbl knockout mice back- 
crossed onto either the 120 or C57BL/6 background 
(congenics) yield only embryo lethality (63, unpublished ob- 
servations). On the other hand, when the knockout allele fa 
maintained on mix«d genetic backgrounds, embryo and 
adult phenotypos are maintained > 

The Tgfb2 & Tgfb3 knockout mice provide further ex- 
amples. The Tgfh2 knockout: mice have more than two dozen 
congenital defects and die either inimedialdy preceding or 
during birth, or within 2 h thereafter {30}. Thble 2 indicates 
that most of the phenotypes are only partially penetrant. 
Though it iB not documented, it is likely that the penetrance 
of some of these phenotypes would increase to nearly 100% t 
and some of the other phenotypes would disappear were we 
to put the Tgfb2 knockout allele on inbred backgrounds. 
Hence, the mixed strain background probably provided more 
information than would congenic strains* 

The Tgfb3 knockout mice have a cleft palate (31). One 
colony of Tgfb3 knockout mice was loft as a mixed back- 
ground (129 x CFl; 50:50) strain, whereas another colony 
was back crossed several generations to the C57BI/6 strain. 
These two colonies had considerable expressivity differ- 
ences; the inbred colony had more severe defting than did 
the mixed background colony In the latter, expressivity of 
cleftimj varied widely from animal to animal. This variable 
expressivity within the mixed background colony provided 
us with the opportunity to obtain far more data on develop- 
ment of tl^e cleft palate and wes, therefore, more useful for 
making assumptions about the cellular and molecular 
median isms by which TGF{J3 supports palate fusion- Hence, 
using the TgfbS knockout mice, the mixed strain background 
provided more information than did the congenic strain. 
Consequently, a wider range of penetrance and expressivity 
of phenotype is a major advantage of investigating knockout 
phenotypes in mixed background colonies. Further, variable 
penetrance of phenotype in a mixed background colony sug- 
gests that there arc modifier genes for each phenotype that 
could he obtained by linkage studies. 
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Conclusions 

Questions have been addressed that arose from foe last 8 
years in which knockout mice have been investigated to ana- 
lyse gene taction at the wliolc animal tevel These questions 
concern gene redundancy apparent lack of pherwtype in a sur- 
prising number t>f knockout strains, and effects of genetic back* 
ground on knockout phenotype. Using data obtained 
principally from 'tgfb and Fgf knockout mice, it is argued that 
tiiere is probably little redundancy in the genome (Le., "that few 
genes are dispensable for survival of the species). Apparent 
lack of phenotype more likely reflects our inability to ask the 
right questions, or our lack of tools to answor them, than i t does 
a true lack of function. Finally, discussion of genetic back- 
ground phenotype variability, including variable penetrance 
and expressivity, was used to present some of the advantages of 
working with mixed genetic background colonies of knockout 
mice. For all the examples given here, there ar& counter ex- 
amples that must be taken seriously; consequently, these argu- 
ments must not be taken as absolutes. For exampl e, if a gone in 
a particular mouse strain has recently been duplicated, it will 
moat likely be redundant If one is studying tissue rejection in 
a knockout mouse, the genetic background obviously must be 
well defined and pre ferably inbred. On if one wants to use the 
susceptibility of a particular mouse strain to cancer to investi- 
gate the function of the knockout gene in progression of that 
cancer, the knockout allele must be put an that mouse strain. 
In general, however, when setting up approaches for investigat- 
ing a new gene knockout mouse, I believe one would be well 
advised to assume that: there is little gene redundancy in 
mammals; there arc knockout phenotypes even if none are im- 
mediately apparent; and investigating phenobypes in mixed 
genetic background colonies may not only reveal more pheno- 
types, but may lead to better understanding of the molecular or 
cellular mechanism underlying the pheuotype, and may lead to 
modifier gene discovery. 
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